Introduction
Various external signals influence the behaviour of plant cells. Unless these signals enter the cell, receptors must perceive the signal at the cell surface and mechanisms must be in place to couple the signal to those intracellular elements that regulate the biochemical response. Until recently, information on such systems has been fragmentary. However, evidence is now available that plants possess a number of signal-transduction systems. For example, changes in the concentration of free cytosolic CaZf have been implicated in the responses of plants to several signals [1,2] and various elements of a phosphoinositide signal pathway have been identified [3, 4] . The case for a role for cyclic AMP as a second messenger has been strengthened by demonstrations of its involvement in response systems and by the characterization of the enzymes controlling its metabolism [ 51. Furthermore, phosphorylation and dephosphorylation of proteins, which are central features of signal systems in animals, have been identified as elements in some stimulus-response coupling systems in plants Expression of those active defence mechanisms associated with the interaction between a resistant plant and a potential pathogen represents a stimulus-response coupling system in which signal transduction is likely to be a feature. Synthesis of phytoalexins is a typical active defence response and one in which progress has been made towards characterizing the various elements of the stimulusresponse coupling system. Thus, phytoalexin synthesis occurs after specific signal molecules, termed elicitors [ 131, have been perceived by the plant cell.
Elicitors are usually, though not always, derived from the microorganism during the initial stages of [6-121. Abbreviation used: CAMP, cyclic AMP. the plant-pathogen interaction. Although molecules with elicitor activity belong to a wide range of structural types, specific structural features are required for activity [ 14,151. Elicitors are perceived by cellular receptors that interact specifically with the elicitors [15, 16] . Those receptors that have been identified are proteins, the most likely location of which is the plasma membrane [ 12, . Following perception, the signal is transmitted, or transduced, within the cell to a site where it is converted into the response through its interaction with a specific biochemical system. In phytoalexin synthesis, the responsive system comprises the sequence of genes encoding the enzymes of the biosynthetic pathway, and the elements that regulate their transcription [ 191. As a result of the signal interacting with this system, transcription of these specific genes is activated, leading to greatly increased activities of the enzymes and synthesis of the phytoalexins.
Elicitation of phytoalexin synthesis therefore represents a model system for investigating the signal-transduction mechanism(s) that may mediate between perception of a signal and the metabolic response evoked by it. Some of the progress that has been made towards identifying those mechanisms will be considered here.
Cyclic AMP as a second messenger
Effect of cyclic A M P on phytoalexin synthesis Cyclic AMP (CAMP) is an intracellular mediator of extracellular signals in a variety of responses in mammals. It has been implicated as a second messenger in elicitation of phytoalexin synthesis by demonstrations that CAMP or its analogue, dibutyryl CAMP, elicits synthesis of phytoalexins in Ipomoeu batatus (sweet potato) [20] , cells of Medicago sutivu (lucerne) [21] and cells of Duucus curotu (carrot) [9, 22] . In lucerne cultures, dibutyryl cAMP produced increases in activity of phenylalanine ammonia lyase, the enzyme that catalyses the committed step in the phenylpropanoid pathway leading to isoflavanoid phytoalexin synthesis [21] . Furthermore, treatment of carrot cells with cholera toxin or forskolin enhanced the synthesis of the phytoalexin 6-methoxymellein [9, 22] . Because these agonists of adenylyl cyclase (the enzyme of synthesis of CAMP) would be expected to raise the intracellular concentration of CAMP, the data suggest that a raised cAMP concentration can initiate phytoalexin synthesis. This proposal was supported when it was observed that phytoalexin synthesis in carrot cells is also enhanced by theophylline, an inhibitor of cyclic nucleotide phosphodiesterase (the enzyme of degradation of CAMP) [22] . In contrast, in cultured cells of Petroselinum crkpum (parsley), neither dibutyryl cAMP nor 'caged cAMP elicited phytoalexin synthesis [ 121.
By themselves, reports of phytoalexin synthesis induced by cAMP or its analogues are not sufficient to establish that it has a direct role as a messenger in the elicitation process. In cell suspension cultures of lucerne, however, we measured a 4-5-fold transient increase in the intracellular concentration of CAMP 3-5 min after addition of an elicitor of phytoalexin synthesis derived from the phytopathogenic fungus Verticillium albo-atrum [21] . These are the sort of kinetics that could be expected from a second messenger involved in mediating a cellular response to an external signal. A similar increase in the intracellular concentration of cAMP occurred in carrot cells treated with an elicitor, though maximum increase was not achieved until 30 min after its addition [22] . Forskolin can also stimulate synthesis of cAMP in carrot, where the maximum concentration was reached more quickly (10 min) than with elicitor [9] . These results contrast with those from soyabean hypocotyls [23] and cultured parsley cells [ 121 in which no effect of elicitor on cAMP concentration was detected.
Effect of microbial elicitors on adenylyl cyclase activity
The rise in cAMP concentration in lucerne reflects an elicitor-stimulated increase in activity of adenylyl cyclase. The activity of the enzyme extracted from elicitor-treated lucerne cells increased (300% of control) 2-4 rnin after addition of elicitor to cell cultures [21] . This effect must be a direct one on the enzyme or its regulatory components because the activity of adenylyl cyclase in a membrane fraction from lucerne was stimulated in a dose-dependent manner by the fungal elicitor. The stimulatory effect of forskolin on cAMP concentration in carrot also results from stimulation of adenylyl cyclase activity [24] . Like the effect of elicitor in lucerne, the increase in activity is transient, indicating the existence of a mechanism for downregulating adenylyl cyclase. An inhibitory effect of Calf on the enzyme was invoked to explain downregulation in carrot [24] . In contrast, activity of the adenylyl cyclase preparation from lucerne was stimulated by CaL+
[21], though the optimum concentration (10 mM) was considerably higher than that causing 75% inhibition in carrot (0.5 pM).
Effect of microbial elicitors on cyclic nucleotide phosphodiesterase activity
Cyclic nucleotide phosphodiesterase activity was also increased markedly (280% of control) by elicitor in lucerne cells, though the maximum increase lagged far behind the increase in adenylyl cyclase activity as it occurred 90 min after addition of elicitor [21] . The increase could have resulted either from direct stimulation by the elicitor or in response to the raised concentration of CAMP. A transient rise in phosphodiesterase activity in carrot cells in response to forskolin favours the latter explanation [24] .
In lucerne, we have shown that photodiesterase activity specific to the 3'5'-isomer of cAMP is Ca2+ /calmodulin responsive [25, 26] . It is of interest therefore that the phosphodiesterase activity induced in carrot cells by forskolin is entirely dependent upon Ca2+ [24] . Because dibutyryl cAMP also induces influx of Ca2+ into these cells [9] , by optimizing conditions for activity of the phosphodiesterase, it can trigger the mechanism of its own degradation, whatever other effects the influx of Ca2+ may have on cellular processes. Such self-regulation will ensure that the increase in its concentration will be transient and persist no longer than required to achieve its effect.
Site of action of CAMP
Little information is available of where and how cAMP could influence the process of gene transcription that lies at the end of the signal-transduction chain. It is possible that it achieves its effect via the activity of CAMP-dependent protein kinases acting on those factors regulating gene transcription. But whereas phosphorylation of proteins is a significant feature of the elicitation process [7, 8, 12, 27, 28] and the activities of Ca2+ /calmodulin kinases change in response to elicitor, no change in the activities of CAMP-dependent kinases was detected in carrot cells during elicitation [24]. Equally, cAMP could achieve a direct effect on the transcription process through interaction with a regulatory element such as the catabolite repressor protein which controls gene expression in some prokarytic systems [29] . Alternatively, the effect may be indirect and cAMP may influence the activity of other second messenger systems that in turn affect gene transcription. In this respect, it may be significant that dibutyryl cAMP or forskolin (which raises the intracellular CAMP concentration) stimulates influx of Ca2+ into carrot cells [9] . This observation contrasts with our own showing that both influx and efflux of Ca2+ in lucerne were insensitive to 
Conclusion
Although much remains to be explained concerning the involvement of cAMP in elicitor-induced phytoalexin synthesis, the results achieved so far are encouraging. The rapidity of the rise in cAMP concentration in the lucerne system compares with those responses in mammalian systems that are induced by fast-acting hormones and in which cAMP acts as a second messenger. In both the lucerne and carrot systems [9, 21, 22, 24] , the data show that cAMP is involved in elicitor-induced phytoalexin synthesis and that the raised concentration of cAMP is generated by elicitor stimulation of adenylyl cyclase. The timing of the response is such that the rise in cAMP concentration could account for the rapid appearance of mRNA transcripts for phenylalanine ammonia lyase (PAL) that occurs in tissues such as bean in response to elicitor [3 11.
These findings, combined with the established Ca'+ sensitivities of the adenylyl cyclase and phosphodiesterase activities, highlight the potential for 'cross-talk' between a cAMP and a CaZ + -generating signal system. Such cross-talk may play a significant role in the mechanism by which biotic elicitors induce accumulation of phytoalexins. Establishing whether cAMP affects gene transcription directly or exerts its influence by affecting the activity of another signal pathway such as a CaZ+ second messenger system will involve identifying and characterizing both the cyclic nucleotide-and Ca2+-responsive kinases and the role of their protein substrates. It will also be important to identify the influences that signal molecules from one pathway have on components of the other.
Ca2+ as a second messenger
The influence of Ca'+ on phytoalexin synthesis
In view of the increasing evidence that Ca2+ can act as a second messenger in plants [ 1,2], some consideration must be given to evidence of its involvement in elicitor-induced phytoalexin synthesis. Indeed, movement of ions across the plasma membrane is a common response to infection or microbial elicitors of phytoalexin synthesis [ 321. Elicitors can, for example, cause fluxes of H+ [33, 34] , K + [33] and Ca2+ [ 1,9,30,32,33,35] and the response is usually very rapid, occuring 2-3 min after addition of an elicitor to cell cultures. These movements could simply be a consequence of the increase in membrane permeability caused by the peroxidative membrane damage that accompanies the elicitorinduced oxidative burst in some plant cells [36] . In cells of parsley, however, the elicitor-induced ion fluxes have a specific direction: K + movement occurs out of the cell and Caz+ movement occurs inwards [33, 35, 37] . Influx of this particular ion may therefore represent an influx of signal molecules.
Ca2+ has a significant influence on the elicitation of phytoalexin synthesis, and various antagonists of Ca2+ channels, for example verapamil, trifluoperazine and La3 +, inhibit elicitor-induced phytoalexin synthesis in cultures of carrot [9, 22] , lucerne [27], parsley [33,37: ], potato [38] and soyabean [39] . On the other hand, agents that might be expected to increase the flux of CaZ+ into cells, such as the ionophore A23 187, stimulate phytoalexin synthesis without an elicitor or enhance the activity of an elicitor [27,37-391, providing Ca2+ is present in the external medium. In carrot, lucerne, parsley and soyabean, the increases in activities of the biosynthetic enzymes normally associated with elicitor treatment do not take place when Ca2+ flux is inhibited; however, they do occur when flux is stimulated. Such data imply that the flux of Ca2+ into the cell is an important part of the signal system leading to the activation of gene transcription and suggest that free cytosolic Ca2+ is involved. > 1 pM, the increase typically occurring 5-10 rnin after elicitor addition. In terms of identifying the source of the Ca2+, it was significant that the intracellular distribution of Ca2+ that resulted was uneven. The greatest increase in concentration was detected at the periphery of the cell, with a gradient of decreasing concentration occurring towards the centre. That result, and the inhibitory effect of Ca2+ antagonists on phytoalexin synthesis referred to above, suggest that the increase was caused by Ca2+ entering the cytosol from the outside rather than by Ca2+ mobilized from internal stores. Inhibition of the increase in intracellular Ca2+ concentration by verapamil, a blocker of L-type, voltage-gated Ca2+ channels, provided further evidence that Ca2+ channels located in the plasma membrane may be involved in the increase in cytosolic Ca2+. Surprisingly, in view of the perceived toxicity of Ca2+ [40] , the increase in Ca2+ concentration was sustained, lasting for 20-30 min.
Undoubtedly then, influx of Caz+ into the cell and an increase in the cytosolic Ca2+ can occur as a result of elicitor treatment. What cannot be established from these measurements is whether the elicitor-triggered influx of Ca2+ across the plasma membrane is the primary event that is solely responsible for the raised intracellular Ca2+ concentration, and whether a small increase in cytosolic Ca2 + concentration results from elicitor-triggered CaL+ entry and this leads to the release of Ca2+ from internal stores [4 11. Alternatively, the primary effect of the elicitor may be to trigger release of CaL+ from internal stores, and the influx of Ca2+ across the plasma membrane may represent refilling of the internal stores [42] .
There is no data available that allows a decision to be made between these alternatives. Our own studies have shown that elicitor, besides causing a rapid influx of CaZ+, can stimulate an equally rapid, simultaneous efflux of Ca2+ from lucerne protoplasts (P. Robinson, T. J. Walton, It. P. Newton and C. J. Smith, unpublished work) . This is characteristic of a sustained stimulus-response coupling such as, for example, the pancreatic secretion of insulin in mammals, in which generation of a sustained increase in Ca2+ cycling across the plasma membrane is necessary to maintain the signal-induced response and to express it to its maximum [43] . If this proves to be a feature of the signal system that mediates elicitation of phytoalexin synthesis, it would explain why the elicitor-induced influx of Ca2+ has to be maintained for 40-50 min in carrot [9, 22] and 40-60 min for lucerne [27] in order to achieve maximum response.
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The phosphoinositide signal system as a mechanism for Ca2 + mobilization
In mammalian systems, many Ca'+-mobilizing hormones generate messenger Ca2+ through the phosphoinositide signal-transduction pathway. This involves release of Ca2+ from internal stores via the activity of Ins( 1,4,5)P3, which is a signal molecule generated from the hydrolysis of PtdIns(4,5)P2 located in the plasma membrane [41] . Hydrolysis is achieved by the activity of an agonist-stimulated phospholipase C, allowing the intracellular concentration of Ins(1,4,5)P3 (and hence Ca2+) to be influenced by an external signal.
Many of the elements involved in the phosphoinositide signal system, as it operates in vertebrates, have been identified in plants [3, 4] , and their characteristics are consistent with a role in signal transduction. In the case of phytoalexin synthesis, elicitor caused a rise in PtdIns-degrading activity of carrot cells within 3-5 min [28] . This was parallelled by an increase in the concentration of Ins( 1,4,S)P3. In our studies with lucerne [44, 45] , we observed an increase in concentration of Ins(1,4,5)P3 of 15-25 pmol/g fresh weight within 1 rnin of addition of elicitor [45, 46] . The rise in Ins( 1 , 4 3 4 concentration reflected a 48% loss of 32P from the membrane pool of PtdIns(4,5)P2 that ocurred within 1 rnin of elicitor addition. Furthermore, rapid resynthesis of phosphoinositides was detected in isolated membranes from pea which had been treated with an elicitor [47] .
The results indicate that elicitor stimulates rapid hydrolysis of PtdIns( 1,4)P2 and generates a transient increase in intracellular Ins( 1 ,4,5)P3, suggesting that activation of phosphoinositidase C is an early event in the signal-transduction process. This view is supported by the fact that neomycin, an inhibitor of phosphoinositidase C, inhibited elicitorinduced phytoalexin synthesis in parsley [ 121 and pea [47] . Neomycin also inhibited the elicitorstimulated turnover of phosphoinositides in pea membranes, referred to above, as did other inhibitors of signal-transduction chains, such as K252a, an inhibitor of protein kinases [47] . However, whereas Ins( 1 ,4,5)P3 enhanced elicitor-induced phytoalexin synthesis in permealized parsley protoplasts [ 121, indicating its involvement in signal transduction, it was ineffective in the absence of elicitor.
Conclusion
The picture in plants is far from complete but there are sufficient data to indicate that the phosphoinositide signal system is likely to operate in the elicitation of phytoalexin synthesis. The Ins( 1,4,5)P3 generated may release Ca2 + from internal stores, the vacuole and endoplasmic reticulum being the likely sites of the Ins( 1,4,5)P3-sensitive Ca2+ pools [4] . Once released, Ca2+ could modulate the activity of metabolic systems by its effects on Ca2+-dependent enzymes, particularly the Ca2+/calmodulin-dependent kinases, and the Ca2+-phospholipid-activated kinase (protein kinase C). This kinase is also sensitive to diacylglycerol, the other signal molecule generated by the phosphoinositide signal pathway [41] . There is some evidence that phosphorylation of proteins plays a significant part in the elicitation process [7, 8, 12, 27 ,28] and both Caz+-dependent kinases [48] and kinases with properties similar to protein kinase C have been identified in plants [4, 49] . Inhibitors of protein kinase C have also been shown to inhibit elicitorinduced phytoalexin synthesis [27, 28] .
As with the case for involvement of CAMP in the signal-transduction chain leading to phytoalexin synthesis, the results obtained so far are encouraging. Further progress will require detailed studies of the sources of CaL+ that can contribute to changes in the concentration of cytosolic CaL+ and their sensitivities to Ins( 1,4,5)P,, together with more extensive characterization of the phosphoinositidase and protein-kinase activities.
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